With the advance of new data acquisition and generation technologies, the biomedical domain is becoming increasingly data-driven. Thus, understanding the information in large and complex data sets has been in the focus of several research fields such as statistics, data mining, machine learning, and visualization. While the first three fields predominantly rely on computational power, visualization relies mainly on human perceptual and cognitive capabilities for extracting information. Data visualization, similar to Human-Computer Interaction, attempts an appropriate interaction between human and data to interactively exploit data sets. Specifically within the analysis of complex data sets, visualization researchers have integrated computational methods to enhance the interactive processes. In this state-of-the-art report, we investigate how such an integration is carried out. We study the related literature with respect to the underlying analytical tasks and methods of integration. In addition, we focus on how such methods are applied to the biomedical domain and present a concise overview within our taxonomy. Finally, we discuss some open problems and future challenges.
Introduction and Motivation
Our society is becoming increasingly information-driven due to new technologies that provide data at an immense speed and scale. Even scientific practices are going under significant changes to adapt to this tremendous availability of data and data analysis is an important part in answering scientific questions. One of the fields where data analysis is especially important is biomedicine. In this domain, data sets are often structured in terms of both the scales they relate to, e.g., from molecular interactions to how biological systems in the human body, and the inherent characteristics they carry, e.g., images from different medical devices. Such structures are both a challenge and a opportunity for scientists and significant efforts are put in several domains to understand these data. In this paper, we focus on how visualization, in particular those that incorporate computational analysis, approaches and enhances the analysis of structured information sources. We start with a section that discusses our goals and move on to more specific discussions on understanding information in data.
Goals
The best way of beginning such a paper, would be to start with the definition of Visualization and discuss the goal of visualization: A classical goal of visualization is, in an interactive, visual representation of abstract data, to amplify the acquisition or use of knowledge [1] and to enable humans to gain insight into complex data sets, either for the purpose of data exploration and analysis, or for data presentation [2], [3] (see section Glossary and Key Terms for more discussions). Visualization is a form of computing that provides new scientific insight through visual methods and therefore of enormous importance within the entire knowledge discovery process [4] .
The goal of this paper is to provide a concise introduction into the visualization of large and heterogeneous data sets, in particular from the biomedical domain. For this purpose we provide a glossary to foster a common understanding, give a short nutshell-like overview about the current state-of-the-art and finally focus on open problems and future challenges. We base our taxonomy on a 2D structure on the different analytical tasks and on how computational methods can be integrated in visualizations. All the relevant works are then grouped under these categories. In addition to studies that do not have a specific application domain, we categorize visualization methods that specifically aimed at solving biomedical problems. Such subsets of work are presented under each category.
The goal of this dual focus strategy is to identify areas where visualization methods have shown to be successful but have not yet been applied to problems in the biomedical domain.
Understanding Information in Data
Understanding the relevant information in large and complex data sets has been in the focus of several research fields for quite a time; studies in statistics [5] , data mining [6], machine learning [7] , and in visualization have devised methods to help analysts in extracting valuable information from a large variety of challenging data sets. While the first three fields predominantly rely on computational power, visualization relies mainly on the perceptual and cognitive capabilities of the human for extracting information. Although these research activities have followed separate paths, there have been significant studies to bring together the strengths from these fields [8] [9] [10] . Tukey [11] led the way
